Motion perception is determined by changing patterns of neural activation initiated by spatiotemporal changes in stimulus features. Motion specified by 1st-order motion energy entails neural patterns that are initiated by spatiotemporal changes in luminance, whereas motion specified by counterchange entails oppositely signed changes in neural activation that can be initiated by spatiotemporal changes in any feature. A constraint in furthering this distinction is that motion energy and counterchange are co-specified by most visual stimuli. In the current study, counterchange was isolated for stimuli composed of translating subjective (Kanizsa) squares, surfaces created by the visual system. Motion energy was isolated for stimuli composed of sequences of luminance increments that spread across perceptually stationary, literal surfaces. Counterchange-specified motion was perceived over a wide range of frame durations, and preferentially for short motion paths. Motion specified by motion energy was diminished for relatively long frame durations, and was unaffected by the length of the motion path. Finally, it was found that blank inter-frame intervals can restore counterchange-specified motion perception for frame durations that are otherwise too brief for motion to be perceived. The results of these and earlier experiments suggest that 1st-order motion energy mechanisms, dedicated to the detection of changes in neural activation initiated by spatiotemporal changes in luminance, provide the basis for objectless motion perception (Wertheimer's phi motion). In contrast, counterchanging neural activation initiated by spatiotemporal changes in any feature, including features created by the visual system, provides a flexible basis for the perception of object motion (Wertheimer's beta motion).
Introduction
It is commonplace to consider any neuron that responds to a visual stimulus as a detector of information present in the stimulus. In reality, however, this is shorthand for the fact that the optical effects of the stimulus feed forward through many layers in the visual system, starting with the retinal photoreceptors. Consequently, neurons at any location in the visual system are not responding directly to optical information falling on the retina, but are instead responding to patterns of neural activation that are initiated by the optical information and transformed as the neural representation of the stimulus passes forward to higher levels in the visual system. Simoncelli and Heeger (1998) refer to this as a ''neural image'' of the stimulus.
The objective of the research reported in this article is to compare two motion detecting mechanisms, one activated by spatiotemporal changes in luminance and the other by counterchange (i.e., the activational effect of a feature decreasing at one location and increasing at another). The comparison is with respect to their spatial and temporal dependence, and their flexibility with respect to different kinds of motion-specifying stimulus information. Also discussed is the possibility that these mechanisms are related to Lu and Sperling's (1995) 1st-and 3rd-order motion systems.
For one mechanism, which in its most recent form entails the detection of 1st-order motion energy (Adelson & Bergen, 1985; van Santen & Sperling, 1985) , motion-specifying patterns of neural activation are specifically linked to spatiotemporal changes in luminance. For the other mechanism, which entails the detection of counterchange, a particular pattern of neural activation is required in order for motion to be perceived, namely a decrease in activation at one location and an increase in activation at another (Hock, Gilroy, & Harnett, 2002; Hock, Schöner, & Gilroy, 2009 detection is not tied to a particular kind of optical information, and as will be shown, can be influenced by neural processes that create patterns of neural activation rather than just feeding stimulus information forward from the retina.
Luminance-specified motion (1st-order motion energy)
The detection of luminance-specified motion is the basis for Reichardt's original model of motion detection (Hassenstein & Reichardt, 1956) , which correlates the pattern of activation for luminance-stimulated photoreceptors at one moment in time with the same pattern, shifted in location, at a second moment in time. Pairs of subunits receive the photoreceptor activity produced by the stimulus as their input, with directionally selective motion computed by delaying the response of one subunit of the pair and then multiplying it by the response of the second, undelayed subunit. In Barlow and Levick's (1965) model, motion detection is based on the pattern of activation of retinal bipolar cells, again resulting from spatiotemporal changes in luminance. Pairs of subunits receive bipolar cell activity produced by the stimulus as their input, with directionally selective motion computed by multiplying the outputs of the two subunits, one of which inhibits the excitation of the other.
Subsequent models, which entail the detection of 1st-order motion energy (Adelson & Bergen, 1985; van Santen & Sperling, 1985) , base their computations on activation at the retinal ganglion cell level, or higher, of receptive fields (spatial filters) with balanced excitatory and inhibitory zones. Again, the pattern of spatial filter activation is determined by spatiotemporal changes in luminance. Motion energy computations based on these neural activation patterns have the distinctive feature that they are Fourier based, which requires a quadrature relationship between pairs of spatial filters whose activation provides the input for the computation of 1st-order motion energy. That is, pairs of filters that are further apart must be larger compared with pairs of filters that are closer together such that both filters of a pair are most strongly activated by sine gratings of a particular spatial frequency with phases separated by 90 deg relative to the other. This quadrature relationship is necessary in order for each filter pair to be approximately bandpass in the Fourier domain.
The Fourier basis of motion energy models makes displaced sine gratings optimal and therefore much studied stimuli for motion energy detection. However, Hock, Schöner, and Gilroy (2009) have shown that the motion of sine gratings also can be accounted for by the detection of counterchange; e.g., decreased contrast where the grating's peak is displaced onto the center of a balanced filter, accompanied by increased contrast where the maximally sloped portion of the grating is displaced onto a paired balanced filter. In order to avoid this confound, a stimulus was designed that eliminates the detection of counterchange and thereby isolates the contribution of spatiotemporal changes in luminance to the perception of motion.
The stimulus is composed of four simultaneously visible, horizontally aligned square surfaces whose luminance is sequentially incremented, either from left-to-right (as in Fig. 1 ) or from rightto-left. Although motion is perceived, none of the square surfaces appear to move. Instead, continuous spreading-luminance motion is perceived across the four perceptually stationary squares (Movie 1; the viewer should attend to the central fixation dot for this and the other supplementary movies included in this article). The motion percept depends only on spatiotemporal changes in luminance; there are no luminance decrements (or decreases in contrast) to accompany the luminance increments (or increases in luminance contrast), so no counterchange is present. It is called a ME (motion energy) stimulus, consistent with the understanding of 1st-order motion energy as entailing spatiotemporal changes in ''raw'' luminance (Chubb & Sperling, 1988) or spatiotemporal changes in the luminance profile of a stimulus (Cavanagh & Mather, 1989) , without appeal to a particular model for the computation of motion energy. 1
Counterchange-specified motion
The counterchange motion detector is composed of two changedetecting subunits, one excited by decreases in its input activation and the other by increases in its input activation. Directionally selective motion is computed by the multiplication of the subunits' outputs, with motion beginning at the location of decreased activation and ending at the location of increased activation. Hock, Gilroy, and Harnett (2002) showed this for surfaces with uniform luminance: motion began at the surface whose luminance contrast with its background decreased and ended at a nonadjacent surface whose luminance contrast with its background increased. Counterchange-specified motion also can be perceived when the luminance contrast at the boundary of two adjacent surfaces is changed by changing the luminance of one of the surfaces (Hock & Nichols, 2010 . This motion percept, which is related to the line motion illusion (Hikosaka, Miyauchi, & Shimojo, 1993a , 1993b , indicates that the counterchange computation can occur at a neural level where activational input comes from edge detectors (Area V1). Oppositely signed changes in the background-relative texture contrast of two nonadjacent checkerboard surfaces with their checkerboard background also can result in the perception of motion (Gilroy & Hock, 2004) , indicating that counterchange can be computed from changes in extra-striate levels of neural activation (Smith et al., 1998) . Finally, counterchange-specified motion can be perceived when at one location there is a change in the luminance contrast of a uniform surface with its uniform background, and at another non-adjacent location there is an oppositely signed change in the texture contrast of a checkerboard surface with its checkerboard background (Hock & Gilroy, 2005) . This result was important because it showed that the counterchange principle entails a particular pattern of activation change, but is 1. An ME (motion energy) stimulus for which there is rightward motion energy, but no counterchange-specified motion. It was tested in Experiment 1. 1 The applicability of Fourier-based models for computing the motion energy of spatially and temporally discontinuous multi-frame stimuli, like those in the current study, is problematic. It was found for these stimuli that Adelson and Bergen's (1985) motion energy detector is excessively sensitive to small differences in filter size and small differences in the extent to which the background is incorporated into the computation. Such small changes often result in the reversal of the computed direction of the motion energy and the incorrect prediction of motion perception outside the spatial span of the stimulus. flexible in that it applies irrespective of the stimuli initiating that pattern of change.
The flexibility inherent in counterchange-determined motion perception is further strengthened by evidence that it can be determined by neural processes, likely in Areas V2 and/or V1, that create subjective surfaces whose perceived luminance contrasts with their equiluminant background (Kanizsa, 1979; von der Heydt, Peterhans, & Baumgartner, 1984; Lee & Nguyen, 2001 ). Although their purpose was different, DeWit, Kentridge, and Milner (2009) have invented a stimulus for which motion is perceived for successively displaced, subjective Kanizsa squares. As illustrated in Fig. 2 for a slightly different version of their stimulus, a Kanizsa square is established during Frame 2 when the four leftmost pacmen are oriented such that their horizontal and vertical edges are aligned. The perceptual effect is of a square surface that is perceptually darker than its equiiuminant, black background, suggestive of a corresponding cortical region of increased neural activation (Grossberg & Mingolla, 1985; Hirsch et al., 1995) .
Forty-five degree rotations of all the pacmen during Frame 3 bring the edges of the leftmost pacmen in Fig. 2 out of alignment, destroying the Kanizsa square and thereby decreasing neural activation at that location. But at the same time, the rotation brings the edges into alignment for the four pacmen that are to the right of the first four, re-creating the Kanizsa square and thereby increasing neural activation at that location. In this way, a series of counterchanging activation patterns are created at successive locations of the subjective Kanizsa squares, and rightward motion of a subjective square is perceived (Movie 2).
The essential feature of the Kanizsa-square motion stimulus for the current research is that it does not depend on the detection of luminance-specified, 1st-order motion energy; there are no directional changes in the luminance profile of the stimulus as the pacmen rotate (clockwise for both the rightward and leftward translational motion of the Kanizsa square). It is called a CC (counterchange) stimulus.
In the experiments that follow, the ME and CC stimuli were used to determine the spatial and temporal dependencies of motion energy and counterchange detection.
General method

Stimuli
The stimuli were centered in the screen of an Eizo FlexScan T556 45 cm monitor (resolution: 1024 Â 768 @ 75 Hz). Participants' viewing distance, 57 cm, was maintained with a head restraint. The stimuli were composed of four 0.6 Â 0.6 deg squares, either subjective or literal. The center-to-center distance between the squares was 1.3, 2.55 or 3.8 deg. Effects of frame duration and inter-square distance were tested in Experiments 1 and 2. Effects of blank inter-frame intervals (IFIs) were tested in Experiment 3. The viewing conditions were the same in the four control experiments (1a, 1b, 2a, and 2b).
Procedure
Participants were instructed to fixate and maintain attention on a 0.05 Â 0.05 deg dot in the center of the screen (luminance = 17.7 cd/m 2 ). After each trial they made one of two responses via key-press to indicate, first whether or not motion was perceived, and second the direction of the perceived motion (or the direction of sequential stimulus changes if motion is not perceived). Participants were instructed to press the space bar when they were unsure of their percept, or when their attention lapsed during the task (these rare trials were not replaced).
Participants
The participants for all experiments were students at Florida Atlantic University. There were four participants in Experiments 1 and 2, the first author (P1) and three students (P2, P3, and P4) who were naïve with respect to the purpose of the experiments. There were three participants in Experiment 3: P1, P2, and an additional naïve student, P5. Two more naïve participants, P6 and P7, were tested along with P1 in the control experiments.
Experiment 1
The effects of inter-square distance and frame duration on motion perception for the ME (motion energy) stimuli were tested in this experiment. The perception of spreading-luminance motion across four literal squares was induced by successive left-to-right ( Fig. 1) or right-to-left increments in their luminance. Counterchange was not present for these stimuli because there were no decreases in luminance or luminance contrast to accompany the sequence of increases in luminance and luminance contrast. Pilot research indicated that for long frame durations motion often is not perceived. A sequence of unconnected luminance increments is perceived instead.
Method
The ME stimuli were composed of four simultaneously visible, horizontally aligned squares. All four had a luminance of 17.7 cd/m 2 during the 900 ms first frame. During Frame 2 the luminance of either the leftmost or rightmost square increased to 32.6 cd/m 2 . The same luminance increment occurred for the neighboring square during each succeeding frame, ending with all four squares at the higher luminance level during the fifth and final frame, which was 600 ms in duration. The durations of Frames 2-4 varied randomly for each trial. They were either 13.3, 26.6, 40.0, 53.3, 66.6, 93.3, 120.0, or 146.6 ms.
There were three blocks of trials during each of 6 testing sessions, one for each of the three inter-square distances (in counterbalanced order). There were 96 trials per block determined by the orthogonal combination of 2 directions (rightward vs. leftward), 8 frame durations, and 6 repetitions. Fig. 3 are the proportions of trials for which motion was perceived and its direction correctly identified. For each participant, motion was perceived most often for intermediate frame durations, and less so for very brief or relatively long frame durations. In addition, the effect of inter-square distance was small and varied between participants (Fig. 3a-d) . The means for the four participants (Fig. 3e ) differed significantly as a function of frame duration, F(7, 21) = 7.21, p < 0.001, but not as a function of intersquare distance, F(2, 6) < 1.0.
Results
Presented in
Presented in Fig. 3f are the proportions of trials, averaged over the four participants, for which the direction of luminance change was correctly discriminated, regardless of whether or not motion was perceived. Motion always was perceived for intermediate frame durations, so the 100% correct direction discrimination can be attributed to the activation of directionally selective motion energy detectors. Motion perception declined for long frame durations, but the accuracy of direction judgments remained at 100%. For at least some of these long frame-duration trials, direction discrimination depended instead on the perception of the spatial locations of the consecutively presented luminance increments. Spatial judgments also may have contributed to direction discrimination when frame durations were too brief for motion to be perceived. That is, correct discriminations may have been inferred via the detection of the location of the final luminance increment (see Movie 3).
Experiment 1a: Attentive feature tracking 1
It is conceivable that the perception of motion for the ME stimuli was due to the attentive tracking of luminance increments across the display (Cavanagh, 1992) . This possibility was addressed by creating a version of the ME stimulus that was composed of six horizontally aligned 0.6 Â 0.6 deg squares; the center-to-center distance between them was 1.3 deg. All six squares had a Fig. 3 . Experiment 1: (a-e) The proportion of trials for which spreading-luminance motion was perceived in the correct direction for the ME (motion energy) stimuli. Intersquare distances were 1.3, 2.55 and 3.8 deg. (f) The proportion of trials, averaged over the four participants, for which direction was correctly discriminated, irrespective of whether or not motion was perceived.
luminance of 17.7 cd/m 2 during the first frame, and as illustrated in Fig. 4a , this was followed over a sequence of three 93.1 ms frames by a sequence of luminance increments to 32.6 cd/m 2 , from the outermost to the innermost squares. Thus, there was a left-to-right sequence of luminance increments to the left of fixation and simultaneously, a right-to-left sequence of luminance increments to the right of fixation. The perception of symmetrical spreading-luminance motion, inward toward fixation, is illustrated in Movie 4. It was reported by three observers (P1, P6, and P7) for an average of 98.6% of 24 trials. If the perceived motions were the result of attentive tracking, they would have been in opposite directions, away from the fixation dot rather than toward it. This is because attentional shifts would begin from the fixation dot, where participants were instructed to attend at the start of each trial. If their attention had very quickly shifted to one of the outer squares, the perceived inward motion would not have been symmetrical.
Experiment 1b: Attentive feature tracking 2
Further evidence against the possibility that attentive tracking was responsible for the perception of spreading-luminance motion was obtained with a stimulus for which eight 0.6 Â 0.6 deg squares were arranged in a circle with a radius of 11.0 deg. During the first frame, all eight squares had a luminance of 17.7 cd/m 2 . Over a sequence of seven 106 ms frames, the luminance of the squares was successively incremented to 32.6 cd/m 2 ), starting from the top (Fig. 4b) . This resulted in the perception of clockwise (Movie 5) or counterclockwise spreading-luminance motion. This was confirmed by three observers (P1, P6, and P7), who perceived motion in the correct direction (clockwise or counterclockwise) for 100% of 24 trials. If attentive tracking were responsible for the perceived motion, it would have been at a rate of 81.1 deg/s (the center-tocenter distance between the squares, 8.6 deg, divided by the frame duration of 106 ms). This was far in excess of the 50 deg/s limit of attentive tracking speed reported by Verstraten, Cavanagh, and Labianca (2000) .
Discussion
The results of Experiments 1a and 1b ruled out the possibility that attentive tracking was responsible for the perception of spreading-luminance motion. It could be concluded, therefore, that the perception of luminance spreading across the physically and perceptually stationary squares was indeed based on the detection of motion energy. (Counterchange detection was not a factor. Neither counterchanging luminance nor counterchanging luminance contrast was present in the stimulus). In addition, accurate direction discrimination did not depend on the perception of motion; it was almost always correct, regardless of whether or not motion was perceived.
Reports that motion has been perceived are inherently subjective. For relatively long frame durations that were borderline with respect to whether or not motion was perceived, participants had to set their own criterion when reporting whether or not they perceived motion. Nonetheless, the 'motion perceived' reports successfully differentiated the results for the ME and CC stimuli. In addition, it has been found in a separate study that 'motion perceived' reports, however subjective, were predictive for an individual with parietal brain damage, which has impaired his ability to differentiate the locations of multiple objects when they appear in his left visual field. Ma et al. (2013) determined, with stimuli similar to the ME stimuli in the current experiment, that he could accurately discriminate direction for frame durations that also resulted in reports of motion perception. As indicated above, these direction judgments were presumably based on the activation of directionally selective motion detectors. However, his directional judgments were inaccurate for frame durations that were too long for motion to be perceived. This was consistent with his difficulty making spatial judgments entailing multiple objects, in this case, perceptually disconnected luminance increments at multiple locations. Although the activation of directionally selective motion detectors can be inferred from the perception of motion, the results of the current experiment, along with Ma et al.'s (2013) , indicate that the inverse is not necessarily true. That is, the correct discrimination of direction does not mean that motion has been perceived as a result of the activation of directionally selective motion detectors.
Experiment 2
The effects of inter-square distance and frame duration for the CC (counterchange) stimuli were tested in this experiment, which entailed the perception of translational motion for subjective Kanizsa squares that were destroyed and re-formed at successive locations by rotating the pacmen, whose orientations determine whether or not a subjective square is formed (Fig. 2) . As indicated above, directional 1st-order motion energy is absent for this stimulus because the moving Kanizsa squares are created by the visual system; there are no changes in the luminance profile of the stimulus other than the rotation of the pacmen, which provides no directional information to discriminate leftward from rightward motion (the rotation of every pacman is clockwise for both directions). Addressed in subsequent control experiments were the possibilities that motion of the Kanizsa squares was based either on the detection of 2nd-order motion energy (Experiment 2a) or attentive tracking (Experiment 2b).
Method
The CC stimuli were composed of four horizontally aligned, potential Kanizsa squares (potential because a Kanizsa square is formed only when the edges of the pacmen are appropriately aligned). There were 16 pacmen, four for each of the four potential Kanizsa squares. For each potential square, the center-to-center distance between the pacmen was 0.6 deg. All 16 pacmen were gray disks (luminance = 17.7 cd/m 2 ; radius = 0.15 deg) with a 90 deg wedge removed. All were simultaneously visible, and all were simultaneously rotated clockwise in 45 deg increments during successive frame changes. When the pacmen were appropriately aligned to form a Kanizsa square, the literal and subjective portions of the 0.6 deg contours outlining the square were each 0.3 deg in length.
As illustrated in Fig. 2 , complete gray disks were presented during the 900 ms first frame and the 600 ms sixth and final frame. The pacmen were presented in their various orientations during Frames 2-5. The duration of these frames varied randomly (either 13.3, 26.6, 40.0, 53.3, 66.6, 93.3, 120 .0, or 146.6 ms), as in Experiment 1. During Frame 2 the pacmen were aligned to form one subjective square, either on the left or right side of the display. All 16 pacman were simultaneously rotated by 45 deg clockwise during frames 3-5, with each frame change destroying the previously created Kanizsa square and forming a new one next to it. This continued until a Kanizsa square reached the opposite side of the display. Fig. 5 are the proportions of trials for which motion was perceived in the correct direction. The pattern of results was the same for each of the four participants; motion was perceived in the correct direction for all but the briefest frame durations, and was perceived more often for long compared with brief frame durations, and for small compared with large inter-square distances. The means for the four participants (Fig. 5e ) differed significantly as a function of frame duration, F(7, 21) = 40.16, p < 0.01, and inter-square distance, F(2, 6) = 8.08, p < 0.05. A similar pattern of results was obtained for the proportion of correct direction discriminations, irrespective of whether or not motion was perceived (Fig. 5f ). For relatively long frame durations, motion was usually perceived and the direction of the motion was accurately discriminated, consistent with the activation of directionally selective motion detectors. As in Experiment 1, at least some of the direction judgments for the brief frame-durations were not based on the activation of directionally selective motion detectors. They possibly were inferred via the detection of the final location of the illusory square.
Results
Presented in
Discussion
There were two major differences in the results obtained for the CC stimuli in this experiment compared with the ME stimuli of Experiment 1:
Long frame durations
In contrast with the ME stimuli, there was no drop-off in motion perception for the long frame durations for the CC stimuli.
Although the longest frame duration tested was just under 150 ms, there is no principled upper limit in frame duration for the perception of CC-determined motion. This is because motion is signaled by counterchange whenever there is a frame change. Long frame durations result in the perception of a sequence of stop and start motions rather than continuous motion, but motion nonetheless. The duration of the frames is not a factor in perceiving this segmented motion so long as attention to the stimulus is maintained.
The effect of inter-square distance and Korte's 3rd law
The second major difference from the results obtained for the ME stimuli is that motion perception decreased with increases in the distance between the centers of the squares for the CC but not the ME stimulus. The longer frame durations required in order for motion to be perceived over greater inter-square distances was consistent with previous evidence obtained for back-and-forth apparent motion. That is, Gilroy, Hock, and Ploeger (2001) found that larger changes in background-relative luminance contrast are required in order to perceive apparent motion over greater distances. The trade-off between duration and the distance traversed by the apparent motion for the CC stimuli was consistent with Korte's 3rd law (Korte, 1915) . Motion perception did not depend on the distance between the squares for the ME stimuli, so Korte's law did not apply.
Speed
The graph in Fig. 6 was determined by the frame durations that resulted in motion being perceived for either 40% or 60% of the trials (as indicated by the broken horizontal lines in Fig. 5e ). It indicates that the duration/distance relationship is linear, consistent with the motions perceived across different distances having the same perceived speeds.
Experiment 2a: Local counterchange and 2nd-order motion energy
Rather than counterchanging activation due to the destruction and re-creation of Kanizsa squares at successive locations, it might be argued that the perceived motion was determined by local changes in the activation of edge filters that resulted from changes in the orientation of the pacmens' literal edges. For example, during Frame 2, vertically and horizontally oriented edge filters are activated by the literal edges of the leftmost or rightmost four pacmen. The 45 deg rotation of the pacmen during Frame 3 reduces the activation of these edge filters (the pacmens' literal edges are no longer vertical and horizontal) and at the same time increases the activation of vertically and horizontally oriented edge filters for the neighboring set of four pacmen, and so on for Frames 4 and 5. Over the course of each trial, edge filter activation decreases and increases at successive locations of the pacmen, providing a source of both local counterchange and 2nd-order motion energy.
The stimuli illustrated in Fig. 7 assessed these possible sources of directional motion perception. The 'wishbone' stimuli in Fig. 7a have alignments of four vertical line segments during successive frames, but they do not form a subjective surface as they rotate clockwise by 45 deg per frame. Rightward motion is not perceived despite the presence of rightward spatiotemporal changes in the activation of vertically oriented edge filters (Movie 6). The 'plussign' stimuli in Fig. 7b were rotated clockwise by 22.5 deg per frame, but do not form a subjective surface when the vertical and horizontal line segments are aligned. Once again, rightward motion is not perceived (Movie 7), now despite spatiotemporal changes in the activation of both vertically and horizontally oriented edge filters.
The wishbone and plus-sign stimuli were presented in a randomly mixed sequence that included the Kanizsa square stimuli. The size of the wishbone and plus-sign stimuli approximately matched that of the Kanizsa squares. The length of the three spokes for each of the wishbones was 0.15 deg, and the length of the vertical and horizontal line segments composing the plus-signs was 0.35 deg. The width of the line segments was 0.08 deg for both. The center-to-center distance between each Kanizsa square, each wishbone, and each plus-sign was 1.3 deg. The durations of the first, last, and intermediate frames were 900, 600 and 120 ms, respectively. Three participants (P1, P6 and P7) were each tested on 72 trials. Inter-square distances were 1.3, 2.55 and 3.8 deg. (f) The proportion of trials for which direction was correctly discriminated, averaged over the four participants, irrespective of whether or not motion was perceived. The frame duration for each inter-square distance that results in the correct discrimination of motion direction for 40% and 60% of the trials (from Fig. 5e ).
Motion was reported in the correct direction for an average of 95.8% of the 24 trials with the Kanizsa squares, but only 4.2% of the 24 wishbone and 12.5% of the 24 plus-sign trials. The infrequency of motion perception for the wishbone and plus-sign stimuli indicated that the motion perceived for the Kanizsa stimuli was not due to the detection of either 2nd-order motion energy or the counterchanging activation of local edge filters, both of which were present for the wishbone and plus-sign stimuli.
Experiment 2b: Attentive feature tracking
As in Experiment 1, it was conceivable that the perception of motion for the CC stimuli was due to the attentive tracking (Cavanagh, 1992) of the subjective Kanizsa squares as they were destroyed and re-created at successive locations. As in Experiment 1, this possibility was addressed by arranging the pacmen so that their clockwise rotation resulted in rightward CC-determined motion toward the fixation dot for the two leftmost Kanizsa squares, and simultaneously, leftward CC-determined motion toward the fixation dot for the two rightmost Kanizsa squares (Fig. 8) . It can be seen in Movie 8 that the perceived motion is symmetrically inward. This also was the case for three participants (P1, P6 and P7). They reported perceiving symmetrical inward motion for an average of 93.0% of 24 trials. If the perceived motions were determined by attentional shifts they would have been outward, away from the fixation dot (where the attentive shifts would begin). If attention had very quickly shifted to one of the outer squares, the perceived motion would not have been symmetrically inward.
Discussion
It was indicated in Section 1.2 that there is no directional 1st-order motion energy in the CC stimuli, and the results of Experiments 2a and 2b ruled out the possibility that the perceived motion was due to the detection of directional 2nd-order motion energy, local counterchange, or attentive tracking. These results therefore confirmed that which is phenomenologically salient; i.e., it is a perceptual object -the Kanizsa square -that is perceived translating across the screen as a result of counterchange detection.
Experiment 3
There have been a number of studies of apparent motion indicating that when frame durations are too brief for motion to be perceived, the perception of motion can be restored by inserting a blank interval (IFI) between successive frames (Sgro, 1963; Kolers, 1964; Kahneman & Wolman, 1970) . This trade-off between frame duration and IFI constitutes Korte's 4th law (Korte, 1915) . Whether the trade-off would occur for the CC stimuli was determined in this experiment.
Method
The stimuli were as in Experiment 2 except that the duration of the blank inter-frame interval (IFI) rather than frame duration was randomly varied from one trial to the next. The IFI was either 13.3, 26.6, 40.0, 66.6, 120.0, 146.6, 173.3, or 200 .0 ms. Two brief frame durations, 13.3 and 26.6 ms, were tested during separate blocks of 96 trials, one for each of the two frame durations (in counterbalanced order). The 96 trials per block were determined by the orthogonal combination of 2 directions (rightward vs. leftward), 8 blank inter-frame intervals (IFIs), and 6 repetitions. There was a total of 12 blocks of trials for the CC stimuli (participants P1, P2, and P5). Fig. 9 are the proportions of trials for which motion was perceived in the correct direction for the CC stimuli. For each participant, motion was perceived most frequently for intermediate IFI values, and consistent with Korte's 4th law, longer IFIs were required to perceive motion the briefer of the two IFIs.
Results
Presented in
Discussion
The counterchange motion detector is composed of two changedetecting subunits, one excited by decreases in its input activation and the other by increases in its input activation (Hock, Schöner, & Gilroy, 2009 ). The response of each subunit is an activation transient whose duration depends on the time scale of the changedetecting subunits; motion can is signaled only when the transient activations for the two subunits temporally overlap (the outputs are multiplicatively combined). There is no temporal overlap when the decreases and increases in subunit activation are sufficiently separated in time, which is the reason for the down-turn in motion detection for the long IFIs in this experiment.
Because the change-detecting subunits of the counterchange detector are biphasic, the subunits that respond with excitation to decreases are inhibited by prior increases in input activation at the same location (Hock, Schöner, & Gilroy, 2009) . Consequently, time is required for recovery from this prior 'biphasic inhibition' in order for the excitation of the 'decrease' subunit to be maximized by a subsequent decrease in input activation. The low levels of motion perception for brief IFIs indicate that insufficient time has been provided by the IFI for recovery of biphasic decreasedetecting subunits from inhibition produced by an immediately prior increase in input activation. Finally, somewhat longer IFIs were required for recovery from biphasic inhibition for the 13.3 compared with the 26.6 ms frame duration because there was more time for recovery from biphasic inhibition during the longer of the two frame durations. 
General discussion
Although both counterchange and motion energy are present for most moving objects, they are separated for the CC and ME stimuli in the current study. In doing so, it was determined that such long-established properties of apparent motion perception as the effect of the distance over which motion is perceived Fig. 9 . Experiment 3: The proportion of trials during which motion was perceived in the correct direction for the CC stimuli (Kanizsa squares) for frame durations of 13.3 and 26.6 ms.
2 A parallel experiment entailing the effect of IFIs on the perception of motion for briefly presented ME stimuli was not conducted. This was because the insertion of blank IFIs may have introduced counterchange into these stimuli. That is, the increase in the activation of 'decrease' subunits when the square stimuli are removed are immediately followed by increases in the activation of 'increase subunits' when luminance-incremented squares are re-presented. The temporal overlap of the subunits' transient responses might result in the perception of motion specified by counterchange rather than motion energy. (Wertheimer, 1912) , and its relationship to frame duration (Korte's 3rd law), as well as the trade-off between brief frame durations and long inter-stimulus intervals (Korte's 4th law) were obtained for the CC stimuli.
In a recent study, Hock and Nichols (2013) have linked counterhange and motion energy mechanisms to Wertheimer's (1912) distinction between beta (object) and phi (objectless) motion. They have shown that the spreading-luminance percept is determined by spatiotemporal changes in luminance (1st-order motion energy) irrespective of the shape of the stimulus, whereas the perception of counterchange-specified motion entails the features of objects (their surfaces and boundaries) and is shape dependent. The perceived motion of a translating subjective Kanizsa surface for the CC stimuli (Movie 2 and Experiment 2) adds to this characterization of object motion perception being based on the detection of counterchange, and the perception of luminance spreading across perceptually stationary surfaces (Movie 1 and Experiment 1) adds to the characterization of objectless motion based on the detection of motion energy. The results reported in this article, together with those of Hock and Nichols (2013) , suggest that what has been known about the perception of beta and phi motion since the earliest days of Gestalt psychology may be based on differences between the detection of counterchange and 1st order motion energy. Indeed, the ME and CC stimuli provide strong examples of Wertheimer's (1912) phi (objectless) and beta (object) motions, which are not always phenomenologically salient for back-and-forth apparent motion stimuli. Wertheimer's (1912) distinction between objectless and object motion has been followed by many other motion processing dichotomies, including low-vs. high-level (Julesz, 1971 ), shortvs. long-range (Braddick, 1974 (Braddick, , 1980 and passive vs. active (Cavanagh & Mather, 1989; Cavanagh, 1992) . As discussed in Section 1.0, all motion mechanisms entail computations performed on patterns of neural activation at many different levels of the visual system. This suggests that a more encompassing distinction would be between dedicated motion mechanisms that respond to patterns of neural activation that are initiated by specific kinds of stimulus information, and flexible motion mechanisms that respond to a particular pattern of neural activation that can be initiated by changes in a wide variety of stimulus features (including luminance) or by changes in features that are created by the visual system (e.g., Kanizsa surfaces). Lu and Sperling's (1995) threesystem theory suggests that there are dedicated motion mechanisms for detecting spatiotemporal changes in luminance (1st-order motion energy) and texture contrast (2nd-order motion energy), whereas 3rd-order motion more flexibly entails any spatiotemporal feature changes that produce changes in a saliencemap transformation of the stimulus. Along similar lines, it has been shown that mechanisms entailing the detection of counterchanging neural activation flexibly respond to changes in luminance and texture contrast of surfaces and surface boundaries (Hock, Gilroy, & Harnett, 2002; Gilroy & Hock, 2004; Hock & Gilroy, 2005; Hock & Nichols, 2010 , and as shown in the current study, by counterchanging activation produced by subjective Kanizsa surfaces.
The possibility that counterchange mechanisms are the basis for Lu and Sperling's (1995) 3rd-order motion perception is suggested by the flexibility of both, and by the conceptual equivalence of the neural activation patterns that determine counterchange detection and the salience maps that determine 3rd-order motion. The empirical confirmation of this relationship will require evidence that parallels Lu and Sperling's (1995) results in indicating that motion for the CC stimuli can be perceived when the formation of Kanizsa squares alternates between the two eyes, and in addition, parallels Blaser, Sperling, and Lu's (1999) results in indicating that attention can resolve directional ambiguities for the CC stimuli. For example, Blaser, Sperling, and Lu (1999) presented isoluminant red/green sine gratings whose 180 deg displacement rendered them directionally ambiguous (one color specified motion in one direction and the other color specified motion in the opposite direction). They found that attention to one of the colors increased the likelihood that motion would be perceived in its specified direction. It is anticipated that a similar effect of attention would be obtained by interleaving Kanizsa figures that specify different directions (one red and the other green), and having observers attend to one color or the other.
Conclusions
Wertheimer's (1912) distinction between object and objectless motion has been carried forward by Sperling and Lu (1998) , who have argued that the perception of object motion depends on their 3rd-order system, whereas their 1st-and 2nd order systems for the detection of motion energy result in the perception of objectless motion. They argued that objectless motion was perceived when there is no object to which motion energy signals can be attached. If results indicating that counterchange detection is the basis for 3rd-order motion perception were obtained, they would provide converging evidence that a flexible counterchanging detecting mechanisms are essential for perceiving the motion of objects, whose motion-determining features vary from one object to another, and from one viewing condition to another.
